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tenths o f the wave-length, the scattering is proportional to ------. W ith 1 somewhat larger particles the effect is less and is proportional to ------. X2 W h en the waves approach the radio frequencies, the terms containing the powers o f X in the denominator become so small as to be negligible. For example, even at the very high frequency of 24 000 mc/s, X is approxim ately 1.25 cm or 12 500 microns. The true velocity of electromagnetic waves at any point in the atmosphere is the value o f c, the velocity in a vacuum, divided by the index o f refraction at that point.
The Velocity of Ground Waves
The preceding paragraphs apply only to the free waves, i.e. the waves which are unaffected by the ground. As the frequency decreases from the upper broadcast band down to 100 kilocycles or less, the propagation velocity is strongly affected by the m aterial in the earth's crust over which the wave is propagated. W hen these frequencies are used for positioning equipment such as Loran, Lorac, Omega, Raydist or Decca, the conductivity and dielectric constant o f the land or water surfaces strongly influences the velocity of the radiation propagation. Hence in making distance measurements with instruments of this type, some means o f experim entally determ ining an " effective " velocity must be employed. These " effective " velocities are as much as 700 km/sec slower than the free wave values and also vary in a complicated manner with the frequency used.
P r e s s e y , A s h w e l l and F o w l e r [1 ] used Decca in England to measure phase velocity o f ground-wave propagation over a land path. Their conclusions are given below. " A value for the mean velocity o f waves at a frequency o f 127.5 kc/s over a particular land path has been determined as 299 230 km/sec. ... " Measurements o f phase made at frequent intervals along the path have provided qualitative data on the variation of velocity w ith the type of ground ... Changes of velocity with ground con d u ctivity... are clearly shown; the velocity is greater over high-conductivity ground than over low-conductivity ground. The nature o f the path was such that with this method o f measurement a useful value for the velocity over any particular homogeneous section o f the path could not be determined " .
Despite the foregoing and many other findings o f the same nature certain long-wave systems are continually being advanced as capable of m aking measurements o f geodetic accuracy. A t best, however, such instruments can only serve a useful purpose for navigation at sea. Even then the changes in temperature and salinity of the sea-water and the effect o f even the smallest o f intervening islands or other land masses along the path can cause significant changes in the distances measured.
Awakening Interest in the Value of c P rio r to W o rld W a r II the scientist' s thirst for know ledge provided the principal stimulus fo r seeking greater accuracy in this constant. The lim iting accuracy o f astronomic measurements made the light-year unit of the astronom er sufficiently accurate and for electronic design purposes the approximate value o f c = 300 000 km/sec was quite adequate.
However in the decade follow in g 1940 two developments in science and technology created a new interest in obtaining a more accurate value o f c. One development was the new interest in atomic energy where the basic equation is " Energy equals mass times the square of the velocity of light (E = m e2). Another was the development of radar and the appli cation of the simple relationship " Distance equals velocity times time (S = vt). If electronic pulses could be tim ed w ith sufficient accuracy and if the velocity were known, it became a simple matter to measure distance by radar. It is interesting to note that certain atomic physicists, on the basis of early experim ental results, had begun to question the value of c = 299 776 km/sec which had been accepted for approxim ately a decade. Also m ilitary users o f radar had noted systematic discrepancies and they encouraged further research.
The problems o f radar were com plicated by the fact that existing literature devoted to the effects o f the atmosphere on the velocity of radio waves was almost non-existent. Nearly all research had been devoted to signal strength and attenuation o f radio waves in the atmosphere but accurate methods o f correcting the velocity o f propagation fo r atmospheric changes had been neglected.
The early experim enters striving to increase the accuracy o f radar, were forced to study two im portant effects o f the atmosphere on radio waves :
(1) the effect o f the atmosphere on the rate o f change of the velocity along the path; (2) the curvature o f the path caused by the refraction of the ray through the d ifferen t layers o f the atmosphere. W h ile the basic physical relationships w ere known, the actual develop ment o f adequate and convenient equations for m aking the corrections had to be carried out by those engaged in the research. Eventually it was found that the accepted value o f c itself was in error.
The fact that those engaged in this research had developed their own correction equations made it difficult for them to suggest that they had discovered an error in the speed of light.
The m atter was further complicated by the lack o f a generally accepted length standard. For distances varyin g from a fe w kilom eters up to m any hundreds o f k ilo meters it was necessary to rely on the w ork o f the geodesist. Previously geodetic measuring accuracy had evaluated only its internal consistency or its " closing errors " . Geodesists had always been conservative when pressed fo r an estimate o f the accuracy o f geodetic triangulation. As a rule a linear error o f 1 part in 50 000 was estimated. H ow ever geodetic specifications usually called for a base-to-base check o f 1 part in 25 000.
This specification was com m only interpreted as expressing the accuracy o f geodetic triangulation. Completely ignored was the fact that geodetic triangulation was controlled by many other specifications. These were :
(1) The observed triangulation was adjusted by least squares from base to base, the measured lengths being held fixed in the adjustment.
(2) In addition to the above length equation many other conditions w ere involved, these being :
(а ) Angle equations involving the triangle closures and the spherical excess ; (б ) Side equations based on the internal length check in each figure; ( c ) Azim uth equations to adjust to fixed azimuths; (d ) Latitude and longitude equations where previous latitudes and longitudes were held fixed; ( e ) The L a p l a c e equation to correct for the effect o f the deflection o f the vertical on azimuths.
(3) F in ally all observing processes were so designed that the effect o f systematic errors w ere fo r the most part eliminated.
Despite this, the assessment o f first order triangulation as accurate to one part in 25 000 persisted long after electronic distance measuring methods and equipment had been perfected to the point where relative comparisons w ith geodetic distances were being repeated w ith a consis tency o f 1 part in 100 000 or better. For physicists engaged in laboratory determinations o f c, the problem o f a length standard was simpler. T h ey could use highly accurate standard gauges and interferom etric methods and thus their results w ere less open to suspicion. As w ill be seen, it was only because o f the remarkable agreement between certain laboratory determinations and several measur ements over longer distances by electronic methods, that the velocity of 299 776 km/sec, which had been accepted for a decade, was fin a lly acknow ledged to be too low by approxim ately 1 part in 20 000.
Methods of Measuring Velocity
The better methods o f measuring c can broadly be grouped into four classes.
(1) The determ ination o f the ratio between the electromagnetic and the electrostatic units.
(2) T h e guided wave methods.
(3 ) The free-wave methods. (4) The m icro-wave interferom eter method which is essentially a freew a ve method which also em ploys w ave guides for much o f the path.
The Ratio between the Electromagnetic and Electrostatic Units
The ratio method is o f interest principally from an historical stand point. Although a score o f attempts to measure c by this method have been made none have attained the accuracy o f other techniques because o f the enormous difficulty o f the experiment. E s s e n [2 ] states that the earliest determination was by W e b e r and K o h l r a u s c h in 1857. As early as 1868 M a x w e l l recognized the importance of the constant and said,
The importance o f this ratio in all cases in which electromagnetic and electrostatic action is combined is obvious. Such cases occur in the ordinary w orkings o f all submarine telegraph cables, in induction coils, and many other a rtificial arrangements. But a knowledge of this ratio is, I think, o f still greater importance when we consider that the velocity o f propagation o f electromagnetic disturbances through a dielectric medium depends on this very ratio, and according to m y calculations is expressed by the very same number. " Here fc is a small correction depending on the absolute value o f the NBS standard ohm. k consists o f two terms, a very small one depending on the ratio o f the NBS ohm to the International Ohm ; and a larger one depending on the ratio o f the Internationa] Ohm to the Absolute Ohm. " Soon after our paper was published, S m i t h at the National Physical Laboratory, published his determ ination o f the ratio o f the British Ohm to the Absolute Ohm. The British and NBS ohms w ere nearly identical. Hence his measurement gave us at once the value of the m ajor part o f the correction k. And not long thereafter the various national ohms w ere intercom pared and the remainder o f the A'-correction was determined.
" As thus corrected, our value fo r the velocity in vacuo became 2.9979 X I®5 km/sec. " Since at the time our paper was published it was generally thought that such w ork could scarcely be less certain than 1 in 1 000 (0.1 % ) we thought it unwise to claim an accuracy exceeding 1 in 10 000 although personally w e w ere of the opinion that the accuracy approached 1 in 30 000. " This quotation is given at some length because of its historical interest. It also illustrates the desirability of providing additional figures in the result o f an experiment even though they may be questioned, providing the authors o f the experiment have confidence in their work.
The Guided Wave Methods
Experiments with the guided wave method were first made in the latter part o f the 19th century. The early experiments were made by using parallel conductors, com monly known as " lechers " to guide the waves. Inasmuch as the measurements were made prior to the development of modern precision measuring equipment most o f the results were inferior. An observation o f better accuracy was made by M e r c i e r in 1923. E s s e n [2 ] describes the experiment briefly.
" ... M e r c i e r made a precise determination of velocity by this method using continuous waves at frequencies o f 46 mc/s and 66 mc/s. The parallel conductors (lechers) were 11 meters long and tightly stretched between the walls o f the room at a distance o f 2 meters from the floor and neighboring objects. The movement of the short circuit to give successive resonant positions was measured by an invar tape which could be read to an accuracy of 0.1 mm. The velocity obtained ... after corrections had been applied for the effect o f the conductors and the atmosphere gave a free space value of 299 782 ± 30 km/sec. The follow in g description of M e r c i e r 's work illustrates the general principles o f the guided wave method. For a known frequency the length is measured at the points of resonance. W a v e length can then be computed for the group wave. Velocity can then be determined from the relationship that velocity equals frequency times wave length (w = f \). The measured frequency is f while X is the computed w ave length.
The use o f lecher wires was abandoned in later work and resonant cavities were used. The dimensions of the resonant cavities could be measured with a high degree of accuracy by means of standard gauges with small differential changes being measured interferom etrically. Another advantage o f using cavity resonators was that they could be easily evacua ted, thus obviating the need for observing in air and reducing the results to a vacuum. Both measurements were carefully performed, E s s e n ' s larger quoted error being explained by the fact that he quoted the lim iting error. B o l ' s error assessment was based on estimating a number o f individual errors in his work and computing the mean square error.
The puzzling discrepancy between the results of these two observers has generally been attributed to an uncertainty in the effective cavity
The Free Wave Methods
A ll determinations o f the velocity of light itself and many o f the values observed in the radio frequencies have been made with free wave methods. The first observational proof that light traveled with a finite velocity was the famous work of the Danish astronomer Ole R o e m e r , although G a l i l e o had suspected the truth. R o e m e r , in 1676, measured the periods o f Jupiter's moons and noted that as the earth traveled in its orbit away from the planet, the eclipses o f Jupiter' s moons occurred later and later. He noted that the differences in the time o f the eclipses when the earth was nearest Jupiter and when it was farthest away differed by 1 000 seconds. R o e m e r could account for this delay only by concluding that it represented the time it took for light to travel the diameter o f the earth' s orbit. Believing at the time that this diameter was 172 000 miles he concluded that the velocity o f light was 172 000 miles per second. It is now known that the diameter of the orbit is larger and R o e m e r ' s determ ination should have been closer to 186 000 miles per second or 300 000 km/sec. The importance o f the work of R o e m e r and B r a d l e y was simply that they both provided experimental proof that the velocity o f light was finite.
Early Attempts to Measure Velocity
The two quantities required to measure the speed of light are tim e and distance. The early attempts to measure this velocity differed m ainly in the manner in which the light was " chopped " or " shuttered " into discrete packets or pulses in order to id en tify particular pulses to be timed. T w o methods o f shuttering were employed for the early experiments. F i z e a u (1849), C o r n u (1874), and P e r r o t i n (1902) employed the toothed wheel to break up the light beams into pulses. method. The principles of these experiments are w ell known and w ill not be described. The earliest toothed wheel experiments presented so many technical difficulties that the results could merely confirm the fact that the velocity o f light was finite. H owever between 1879 and 1902 four observa tions were made which were o f importance. They are shown in Table I 
The Kerr Cell -Photo Cell Shuttering Method
In 1928 K a r o l u s and M i t t e l s t a d t developed a new method of chopping the light beam into discrete pulses. Their development was the forerunner o f the modern geodimeter. The principle of the K err cell operation w ill not be described in detail. It is sufficient to say that certain transparent insulators such as glass become doubly refracting when placed in a strong electric field. Hence such an insulator of the proper thickness placed in a beam of polarized light between a polarizer and an analyzer w ill cut off the light by interference. W hen the electric field is a rapidly alternating one, a cell designed thus operates as a rapidly operating shutter. Such a cell is named after its discoverer, the Scottish physicist, John K e r r . B e r g s t r a n d ' s geodimeter [8] is the modern surveying instru ment which utilizes the K err cell.
Between 1924 and 1928 three more important measurements o f the velocity o f light were made and are listed in Table II M i c h e l s o n ' s 1926 w ork gave an origin al value o f 299 796 km/sec. B i r g e later discovered that M i c h e l s o n had incorrectly used the phase velocity refractive index instead of the group velocity (see Eq. 1 & 2) and he revised M i c h e l s o n ' s value 2 km/sec upward. B i r g e [9 ] terms this " one of the most inexplicable errors " he had ever encountered. M i c h e l s o n had, in previous w ork , shown that he was fam iliar w ith the distinction between phase and group velocity indices o f refraction. In most reviews M i c h e l s o n ' s published value o f 299 796 is quoted, the authors usually being unaware o f B i r g e ' s correction.
Another group of measurements which were made between 1935 and 1941 are shown in Table III . It is small w onder that there should be speculation as to the possibility o f a secular change in the speed o f light. Such a change, how ever w ou ld im ply a fin ite rest mass for the photon, a fact con trary to accepted physical theory.
Up until 1941 B i r g e [10, 11, 12] had made three statistical estimates o f the various experiments and in 1944 D o r s e y [13] made the most com prehensive analysis that had been made up to that tim e. These estimates are shown in Table V . The increasing use o f radar in W o r l d W a r II, particularly the de velopm ent o f blind bombing instruments, spurred further investigation in the velocity of light. In England in 1947, Sm i t h , F r a n k l i n & W h i t i n g [15] and J o n e s and C o r n f o r d [16] had used the British bombing instruments G-H and Oboe respectively to make measurements over long distances and had published values of 299 786 ± 50 and 299 782 ± 25 km/sec. These measurements w ere intended only to indicate that the B i r g e statistical value o f 299 776 km/sec then in use was too low, a fact that had been suspected from systematic radar discrepancies. Meanwhile E s s e n [17] who as early as 1943 had claimed, on the basis o f cavity resonator measurements, that this value was too low, published a value of 299 793 ± 9 in 1947. B e r g s t r a n d [8 ] from early geodim eter measurements had obtained 299 796 km/sec. A t the same time the w riter, while engaged in research for developm ent o f the blind bombing instrument Shoran into a geodetic tool, had found a linear discrepancy w ith distance. A fter a search for the source o f the discrepancy, the conclusion was reached that it was a scale error caused by the use o f the w rong velocity. As a result A s l a k s o n [18] published a value o f 299 792.4 ± 2.4 km/sec. A summary o f all of these new values is shown in Table VI . Both E s s e n [1 9 ] and B e r g s t r a n d [20] continued experim entation to im prove their methods and equipment. By 1951 three more results had been published by these workers. 
s e n 's w ork was carefully executed but his quoted error was the lim itin g error rather than the mean square error.
The Bergstrand Geodimeter
The increase in the accuracy o f the geodim eter over the earlier Kerr cell -photo-cell measurements was attributed to a fundamental change in design. In previous designs, readings w ere made at the peak voltages. It is obvious that the exact time o f maximum voltage or the peak of a sine curve is uncertain. In the geodimeter, B e r g s t r a n d modulated the light beam using a reversed bias during a second half cycle. Thus two opposing voltages cancelled each other producing a null or a point o f zero voltage which gave a sharply defined reading. This m ajor change, together w ith other design im provem ents [20] resulted in much greater measuring accuracy. B e r g s t r a n d continued his research and later discovered small sources of error which eventually reduced his 1951 value to close agreement w ith the 1950 work.
The Microwave Interferometer
One o f the most accurate o f the m odern techniques for measuring c is the m icrow ave interferom eter, particularly when used in the laboratory. The most noterworthy experiments with this method were the observations of F r o o m e [21, 22, 23] at the National Physical Laboratory in Great Britain. Particularly significant was F r o o m e 's use o f very high frequencies. In 1952 and 1953 he made observations w ith frequencies o f approxim ately 24 000 mc/s and in 1958 he made a rem arkable observation using a frequency o f 76 000 mc/s. These new observations were im portant in that they filled a gap between the longer radio waves and the optical band. le re s u lts d e s p ite th e fa c t th a t th e t e l lu r o m e t e r is a r a d io fr e q u e n c y in s tr u m e n t w h ic h c a n n o t be c o m p a re d in a ccu ra cy w ith th e g e o d im e te r .
A s l a k s o n , on the other hand, published a value in 1951 [24,25 J which was the result of distance comparisons made during the course o f a Hiran project with a much improved Hiran instrument. The value obtained was 299 794.2 ± 1 which deviated considerably from the value toward which all measurements were converging. The discrepancy could probably be attributed to some o f the measured geodetic distances which w ere held fixed in the adjustment.
The close agreement o f the values o f c in all published papers caused some scientists to question them. John A . O ' K e e f e in May 1951, com menting on a paper by the w riter which appeared in Civil Engineering [30] said, " There are several scientific papers in existence noting the fact that the values found for the velocity o f light in any given decade seem to group around the same value more consistently than w ould be expected on the basis o f accidental error. This has been attributed to a gradual diminution o f the velocity o f light or to periodic changes in velocity, but it could be nothing more than the human unwillingness to fly in the face o f constituted authority " .
There m ay be a great deal of truth in O ' K e e f e ' s remarks. There is a disturbingly close agreement among the modern published values, regardless of the inherent accuracy o f the method used. Furtherm ore many o f the published papers provide little significant inform ation regarding the length standard em ployed in the measurement.
Future Measurements of e
The question is, " W h at is the im portance o f continued research in determ ining the constant c ? " . Some writers have been prompted to suggest that the entire matter of the physical laws pertaining to the velocity of light and to relativity should be reopened fo r critical examination. In 1957 R u s h [31] said, " Here, then, we have a puzzling situation. The prewar and postwar measurements separated by a decade show a consistant difference o f about 16 km/sec. Can it be that it actually increased by 16 kilom eters in the 10 year interval ? That a difference o f this magnitude between the two self-consistent groups o f measurements occurred by chance is not very probable. Yet there are com pelling reasons fo r holding to the belief that c must be constant.
" F or instance, if the velocity of light is not a constant, then its wave length or frequency or both must change w ith time. No systematic changes in wavelengths have been observed. T h e possibility that frequencies may vary with tim e is not excluded by any direct evidence we have so far. Perhaps this issue w ill be settled soon by certain new techniques for comparison o f atomic or molecular oscillation frequencies w ith the m otion of the earth, the independent standard to which those frequencies are observed W h at are some o f the new techniques ? W e have the atomic clocks, the masers, the lasers and the ability to place scientific satellites in orbit.
Several methods involving satellites are under development for measuring intercontinental distances -with great accuracy. The satellites such as A n n a w ill provide geodetic data by several independent methods such as photography o f a flashing light against a star background, accurate orbital data from range and velocity measurements and even by the use of the m inim um sum-distance for determ ining long distances as in Hiran. The possibilities o f the laser systems are so great that scores of organizations in the government and the com m ercial field are w orking on various applic ations. It seems to be but a matter o f time before techniques w ill be devised to im prove our present knowledge o f the velocity o f light. W h at is the importance o f determ ining c to a higher order o f accuracy ? Certainly the questions posed by O ' K e e f e , R u s h and others must be answered. Some scientists have even suggested that the present multitude o f elem entary " particles " are m erely manifestations of ratios of various powers of a few fundamental particles. T o prove or disprove this requires a knowledge o f many o f the atomic constants to a high degree of accuracy. It is most important to refrain from becoming complacent and satisfied w ith the present state o f knowledge.
